Ustilago esculenta grows within the flowering stem of the aquatic grass Zizania latifolia, resembling a fungal endophyte. The fungus colonizes Z. latifolia and induces swelling which results in the formation of galls near the base of the plant. Due to their unique flavor and textures these galls are considered as a delicacy in southern China. Efficient genetic manipulation is required to determine the relationship between U. esculenta and Z. latifolia. In this study, we report a protoplast-based transformation system for this unique fungal species. We have explored various factors (enzyme digesting conditions, osmotic pressure stabilizers, vectors and selection agents) that might impact protoplast yield and high frequencies of transformation. A haploid strain (UeT55) of U. esculenta was found to produce higher yields of protoplasts when treating with 15 mg mL −1 lywallzyme in a sucrose-containing solution at 30 • C for 3 h. The transformation frequencies were higher when fungal strain was transformed with a linear plasmid harboring hygromycin or carboxin resistance gene and regenerated on a sucrose-containing medium. A UeICL gene (coding isocitrate lyase) was disrupted and an EGFP (coding enhanced green fluorescent protein) gene was overexpressed successfully in the UeT55 strain using the developed conditions. The genetic manipulation system reported in this study will open up new opportunities for forward and reverse genetics in U. esculenta.
INTRODUCTION
Zizania latifolia, belonging to Oryzeae of Gramineae (Liu, Liu and Li 1999) , is a perennial wetland plant that mainly distributed in China, Japan and some southeastern countries (Tsuchiya, Shinozuka and Ikusima 1993; Qian et al. 2012; Yan et al. 2013) and was cultivated as grain crop in ancient times (Guo et al. 2007; Quan et al. 2009) . Zizania latifolia has been documented to be consumed as a vegetable for more than 1500 years, due to the colonization of Ustilago esculenta, grouping in Ustilaginaceae of basidiomycetes. The fungus grows within Z. latifolia and triggers stem swelling and forming edible galls called Jiaobai in China. However, infection of U. esculenta in Z. latifolia completely suppresses inflorescence development and seed production (Thrower and Chan 1980; You et al. 2011) . Jiaobai is often formed at the base region of the plant. The inner tissues of the edible galls, containing enlarged plant cells, appear white and are full of fungal hyphae thereby called white Jiaobai. Some galls contain dark-colored teliospores and were named grey Jiaobai. Zizania latifolia that fails to produce any galls was named male Jiaobai (Yan et al. 2013; Zhang et al. 2014) . Only white Jiaobai has economic values in China because of its unique tastes and nutrient-rich flavors. But the other two both grey and male Jiaobai were often appeared and should be discarded 2 FEMS Microbiology Letters, 2015, Vol. 362, No. 12 by farmers because of the presence of dark-colored teliospores (grey Jiaobai) or the lack of galls (male Jiaobai) Yan et al. 2014) . Previous studies revealed that U. esculenta strains isolated from grey Jiaobai and white Jiaobai were different in morphology, pathogenicity and the patterns of expression proteins (Piepenbring, Stoll and Oberwinkler 2002; You et al. 2011) . Molecular level studies are needed to investigate the interaction between Z. latifolia and U. esculenta and that may help to explore these phenomena. Thus, the available molecular genetic tools are indispensable.
Protoplast-mediated transformation is widely used method for genetic manipulations in various economically important fungi such as Magnaporthe oryzae, Aspergillus fumigatus, A. glaucus and U. maydis (Brown, Aufauvre-Brown and Holden 1998; Brachmann et al. 2004; Betts et al. 2007; Zhao et al. 2014) . The goal of this study was to establish an efficient protocol of protoplast transformation for U. esculenta. The described method will facilitate functional analysis of fungal genes required for virulence or pathogenicity.
METHODS

Strains and materials
The haploid UeT55 strain used in the work was isolated from U. esculenta and has been deposited in the China Centre for Type Culture Collection (CCTCC; AF 2015015). It has a2 mating locus, which was similar to the FB2 strain of U. maydis (Banuett and Herskowitz 1989) . It was grown on YEPS (2% sucrose, 2% tryptone and 1% yeast extract) solid medium at 28
• C. Escherichia coli DH5α was used to propagate all DNA manipulations. Four plasmid constructs (pUMa207, pUMa1467, pUMa1507 and pUMa932) were kindly provided by Michael Feildbrügge (Heinrich-HeineUniversität Düsseldorf). Restriction endonucleases, lysing enzyme from Trichoderma harzianum L1412 and Driselase from Basidiomycetes sp. D9515, were purchased from Sigma (St. Louis, USA). Lywallzyme was purchased from Bide Biotech Company (Guangdong, China).
Construction of vectors for targeted gene disruption and overexpression
The pUMa1467 plasmid carrying an ampicillin resistance and pUMa1507 conferring hygromycin resistance. Random selected gene (UeICL, coding isocitrate lyase) knockout vector was designed by Golden Gate Cloning technology with one-step digestion and connection reaction of restriction enzyme BsaI (Terfrüchte et al. 2014) . Primers containing restriction endonuclease sites were designed to facilitate for further manipulations. One-step PCR [containing PCR primers (UeICL-U, UeICL-D), T4 DNA ligase and buffer, 0.5 μl restriction enzyme BsaI] was carried out by program referring to Terfrüchte et al. (2014) . After that, the gene knockout construct, which was transformed to E. coli DH5α and sequenced, was named pICL-Hyg (data S1, Supporting Information). And it was digested by SspI to be linear DNA for transformation. The U. esculenta transforming vector used for genes overexpression was pUe-OE (derived from pUMa932), conferring carboxin resistance and containing enhanced green fluorescent protein (EGFP) reporter protein with nuclear localization signal (data S2, Supporting Information), and it was linearized by PvuI for transformation. On the other hand, the vector pUe-Hyg (derived from pUMa207) containing hygromycin selective marker and UARS element (autonomously replicating sequence of U. maydis) was used for majorization of the protoplast transformation system. For regeneration, protoplasts were diluted in the STC solution and plated on a regenerations-agar (RgA) medium [consisted of 1% yeast extract, 0.4% peptone and 0.4% sucrose, with 1 M sucrose (osmotic pressure stabilizer optimized)] at 28
Isolation, purification and regeneration of protoplasts
• C for 3 days. Equal amount of protoplasts were plated on RgA medium without osmotic pressure stabilizer to rule out the nonprotoplasts. The colonies were counted after 4-day incubation, and the regeneration rate (RR) was determined as follows: RR = (total colonies -non-protoplast colonies) / tested protoplast cells.
Protoplast transformation, PCR and microscopy analysis
Protoplast transformation of U. esculenta was done referring to the PEG/CaCl 2 method described in other fungi (Liu, Lin and Ko 2010; Terfrüchte et al. 2014) . A total of 100 μl prepared fungal protoplasts (about 1 × 10 8 cells) were mixed with 1 μl of heparin solution (15 mg mL −1 ) and 5 μg linearized plasmid and incubated on ice for 10 min. After adding 500 μl PEG 4000 solution (4 g PEG 4000 dissolved in STC solution to final volume of 10 mL), protoplasts were placed on ice for an additional 15 min. After that, protoplasts were plated and regenerated on a selective medium (RgA medium containing an appropriate antibiotic) at 28
• C for 7 days. Transformants appearing on the selective medium were picked and transferred to a YEPS medium with the antibiotic. Transformants were streaked four times for single colonies on YEPS medium with antibiotics to ensure their mitotic stability. Elected transformants were grown in liquid YEPS medium for DNA extraction. Fungal DNA was purified using a Fungi DNA Kit (Sangon Biotech, Shanghai). Transformants was determined by genomic DNA PCR for detecting the hygromycin resistance gene (HygR) (coding for synthetic hygromycin resistance protein) or CarbR (coding for synthetic carboxin resistance protein) with primers listed in data S3 (Supporting Information). Gene knockout transformants were further confirmed by genomic DNA PCR for detecting the correct position inserted with two pairs primers indicated in data S1 (Supporting Information) (U1 and MF167; D3 and MF168; U1 and D3 were designed in the regions outside the inserted sequence, while MF167 and MF168 were designed within the regions of HygR genes). Primers were listed in data S3 (Supporting Information). Besides, the overexpression transformants were further observed by fluorescence microscopy (Zeiss AX10).
Statistical analysis
All experiments were performed in triplicate and data were shown as mean ± SD from three independent experiments. All data were subjected to statistical analysis according to the Student's t-test, and the probability values of P < 0.05 were considered as significant.
RESULTS AND DISCUSSION
Conditions required for optimal formation and regeneration of U. esculenta protoplasts
Fungal cell wall with complex compositions is the most important problem considered in preparing protoplasts. In this study, three cell wall digestion enzymes, lywallzyme, Driselase and lysing enzyme, each at 10 mg mL −1 were tested alone or combined for releasing protoplasts from U. esculenta. Results showed Figure 1 . Effect of cell wall degradation enzymes (CWDEs) and biomass on protoplast formation. Three CWDEs, lysing enzyme, Driselase and lywallzyme were tested alone or in combination for protoplast releasing from U. esculenta cells. Effects of enzyme combinations (A), enzyme concentration (B), enzymolysis temperature (C), enzymolysis time (D), fungal age (E) and fungal fresh weight (F) were evaluated for the formation of protoplasts. Y-axis indicates the number of protoplasts produced from 1g fungal with fresh weight, and protoplasts were measured by hemocytometer under microscope. Enzyme treatments (t) in panel A were lysing enzyme (t1), Driselase enzyme (t2) and lywallzyme (t3). The fresh weight of fungal in panel F was measured in 1 ml enzymic solution. All data presented are the means ± SD from three independent experiments and the asterisk indicate the conditions for higher protoplasts formation, which showed significant differences from others conditions at P < 0.05 level. The bold fonts indicate the best osmotic pressure stabilizers and its concentration for protoplasts formation and regeneration, which showed significant differences from others at P < 0.05 level.
that lywallzyme alone or combined with Driselase yielded protoplasts significantly higher than other enzyme combinations (Fig. 1A) . The results indicated that Driselase and lywallzyme digested U. esculenta cell wall in a synergistic manner, whereas lysing enzyme had no such effect. Also, the quality of protoplasts is influenced by various factors including enzyme concentration, enzymolysis temperature and time of duration (Ning et al. 2012; Ma et al. 2014) . The number of fungal protoplasts increased as lywallzyme concentration increased and reached a plateau when it was tested at 15 mg mL −1 (Fig. 1B) . The number of fungal protoplasts released showed no obvious differences when the digestion reactions were incubated at temperature between 27 and 33 • C. Fewer protoplasts were released when incubating at temperature higher than 33
• C (Fig. 1C) . Abundant protoplasts were released from U. esculenta when incubating at 30
• C with lywallzyme for 3 h. Prolonged incubation decreased protoplast release considerably (Fig. 1D) . When tested at optimal conditions, fungal mass reaching the levels spectrophotometrically measured at OD 600 0.6-1.0 tended to release more protoplasts. The results indicated that the amount of fungal cells impact enzyme digestion, consistent with other group's findings (Liu, Lin and Ko 2010) . Fungal cells measured at OD 600 less than 0.6 or greater than 1.0 produced fewer protoplasts (Fig. 1E) . It was also estimated that using 50 mg fresh fungus per 1 mL enzymatic solution yielded the highest amount of protoplasts (Fig. 1F) .
On the other hand, the incubating environment will influence fungal protoplasts isolation and regeneration, in which osmotic pressure stabilizers have the important position (Liu, Lin and Ko 2010) . Five different osmotic pressure stabilizers (sucrose, sorbitol, MgCl 2 , NaCl or KCl) were tested for protoplast release in a SCS or STC solution (Ning et al. 2012) . It was showed that higher amount of protoplasts were obtained when sucrose (at 0.4 M) was used as an osmotic pressure stabilizer (Table 1) . Although higher amounts of protoplasts were released using sorbitol (1 M) and MgCl 2 (0.4 M), those protoplasts had poor regeneration rates (Table 1) . Also the osmotic pressure stabilizer in regeneration medium has a certain impact on protoplasts regrowth (Ning et al. 2012) . Referring to previous works (Liu, Lin and Ko 2010; Ning et al. 2012; Ma et al. 2014) , we chose RgA medium containing various osmotic pressure stabilizers with different concentration (Table 1) to analyze the regeneration rates, with the optimized protoplast formation system. Results indicated that 1 M sucrose had the best effect, which leads to nearly 40% of the protoplast regeneration rate, showing more than twice over other osmotic pressure stabilizers.
Overall, it was estimated that 100 mg fresh fungal cells digested with lywallzyme (15 mg mL 
Selection markers for protoplast transformation in U. esculenta
A transformation system requires a selective agent that can be used to differentiate transformed isolates from untransformed ones. To identify useful agents for the selection of U. esculenta transformants, the sensitivity of the UeT55 strain to antibiotics was determined as selectable markers. As tested on minimal medium, UeT55 displayed sensitivity to carboxin at 5 μg mL −1
( Fig. 2A) , and its growth was completely inhibited on a medium amended with 50 μg mL −1 hygromycin (Fig. 2B) . We therefore tested whether or not hygromycin and carboxin could be suitable for the selection of U. esculenta transformants. The plasmid vector pUe-Hyg (derived from pUMa207) was constructed, with a HygR cassette and a UARS element for independent replication. The circular pUe-Hyg plasmid has the UARS element, which has been shown to exhibit autonomous replication in the corn smut fungus U. maydis, whereas linearized pUe-Hyg could be inserted randomly into the genome of the cells (Oh and Chater 1997) . Plasmid DNA was transformed into protoplasts prepared from UeT55 using the PEG/CaCl 2 method, and transformants were selected on the RgA medium containing 50 μg mL hygromycin. The results showed that circular pUe-Hyg plasmid failed to transform into protoplasts (Fig. 2C, left) . Whereas protoplasts transformed with the linearized pUe-Hyg resulted in numerous transformants (Fig. 2C, right) . PCR using the primers specific for the HygR gene was carried out to examine the presence of the pUe-Hyg fragment in the transformants (Fig. 2D) . Protoplasts transformed with the linearized pUe-Carb plasmid (derived from pUMa932) carrying a carboxin resistance gene and selected on RgA medium with 5 μg mL −1 carboxin also resulted in numerous transfromants (data was not shown).
In conclusion, hygromycin and carboxin are good selection markers for U. esculenta transformants.
Targeted gene disruption and overexpression in U. esculenta
The above-described transformation system was tested for targeted gene disruption in U. esculenta. The pICL-Hyg plasmid carrying a disruption construct was developed, in which the isocitrate lyase coding gene UeICL was replaced with HygR (data S1, Supporting Information) by Golden Gate Cloning technology (Terfrüchte et al. 2014) . The pICL-Hyg plasmid DNA was linearized by restricted enzyme digestion of SspI, and the resultant DNA was transformed into the protoplasts of U. esculenta.
Putative transformants were first selected on RgA medium containing 50 μg mL −1 hygromycin and subcultured four times on YEPS plates amended with hygromycin. PCR examination using the HygR-specific primers indicated that more than 90% of the recovered transformants had the HygR gene cassette (Fig. 3A ). PCR analysis with three different pairs of the primers for UeICL was performed to identify correct integration of HygR within Ue-ICL among transformants. A 287 bp DNA fragment was amplified from genomic DNA of the wild type and three transformants using the primers P1/P2 ( Fig. 3A ; line 1, 2, 4, 5). In contrast, the two expected 1-kb fragments were amplified from genomic DNA of a putative transformant, named Ueicl 3, using the primers U1/MF167 and D3/MF168 (Fig. 3A line 3) , confirming successful disruption of the UeICL gene in U. esculenta. The Ueicl 3 strain tended to produce cells through multibudding compared to the wild-type strain or the strains carrying intact UeICL (Fig. 3B) , indicating the involvement of UeICL in fungal development. The described transformation system was also used for gene overexpression in U. esculenta. For this purpose, the pUe-OE vector containing the EGFP with a nuclear localization signal under control of the constitutive otef promoter and a carboxin resistance gene cassette was constructed (data S2, Supporting Information). pUe-OE plasmid digested with PvuI was transformed into protoplasts prepared from the UeT55 strain and transformants were selected on RgA medium containing 5 μg mL −1 carboxin. Stability test among twenty randomly selected transformants revealed that all of them could re-grow on carboxin-containing YEPS plates after subculturing four times on selective medium. PCR examination using the CarbR-and EGFP-specific primers confirmed the presence of pUe-OE in the genome of U. esculenta (Fig. 3C) . While no products were amplified from genomic DNA of the wild-strain using these primer sets. The transformants carrying pUe-OE displayed green fluorescence, whereas the wild-type strain did not emerge any green fluorescence, as examined using fluorescence microscopy ( Fig. 3D) . Observation of green fluorescence as distinct spots distributed in fungal cells suggests a possible nuclear localization of EGFP as it carried a nuclear localization signal.
With the genes disruption construct developed by Golden Gate Cloning technology and the genes overexpression vector pUe-OE, functional analysis of genes involved in pathogenicity or endogenous mechanism will be achieved.
CONCLUSIONS
A genetic manipulation system using protoplast transformation has been successfully established for this haploid strain of U. esculenta. Experiments were carefully carried out to test and optimize the conditions which might impact the frequencies of protoplast formation and transformation. Significantly, the described system was tested for targeted genes disruption and overexpression. The described transformation system opens opportunities for the genetic manipulation of U. esculenta.
